anaplastic PXA. Here, we report on the identification of in-frame genomic rearrangements predicted to result in NRF1-BRAF and ATG7-RAF1, constitutively active kinase fusions, in two anaplastic PXA without BRAF p.V600E mutation.
Two BRAF p.V600 wild-type anaplastic PXA identified at the UCSF Brain Tumor Center were analyzed using targeted next-generation sequencing with the UCSF Clinical Cancer Genomics Laboratory. Patient clinical characteristics and tumor histopathology are summarized in Supplemental Table 1 . Genomic profiling identified novel chromosomal rearrangements in both cases resulting in an in-frame fusion between the amino terminal portion of one gene encoding a homodimerization domain and the serine/threonine kinase domain of a RAF kinase family member. In PXA#1 the predicted fusion protein contains exons 1-5 of NRF1, lacks the RAS-binding domain of BRAF (exons 4-8), and retains the serine/threonine kinase domain of BRAF (Fig. 1a) . Nuclear Respiratory Factor Pleomorphic xanthoastrocytoma (PXA, WHO grade II) and anaplastic PXA (WHO grade III) are astrocytic neoplasms that commonly harbor an activating mutation in BRAF (p.V600E, c.1799T>A) [4, 7] , driving activation of the mitogen-activated protein kinase (MAPK) signaling pathway. Currently, PXA is diagnosed based solely on histopathologic features. Yet recent reports based on DNA methylation suggest anaplastic PXA-like tumors can masquerade as glioblastoma (GBM) [3, 1] . Importantly these PXA-like tumors were associated with a more favorable prognosis than GBM and included both BRAF p.V600E mutant and non-mutant tumors in approximately equal proportions [3] . These findings suggest both histologic analysis and determination of BRAF p.V600E mutation status may not capture all tumors with the biologic behavior of Electronic supplementary material The online version of this article (doi:10.1007/s00401-016-1616-3) contains supplementary material, which is available to authorized users.
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1 (NRF1) encodes a transcription factor that activates the expression of metabolic genes involved in cellular growth and development. Sanger sequencing for the NRF1-BRAF fusion breakpoint confirmed its presence in the most recent tumor and in tumor tissues from resections 2 and 4 years prior to the most recent resection, suggesting that the fusion arose early during tumor development (Supplemental Fig. 1a ).
PXA#2 harbored an ATG7-RAF1 fusion involving exons 1-18 of ATG7 and exons 8-17 of RAF1 (Fig. 1b) . Autophagy related 7 (ATG7) encodes an E1-like activating enzyme that is essential for autophagy and cytoplasmic to vacuole transport [6] . An ATG7-BRAF fusion has been reported previously in melanoma [5] . For PXA#2, molecular analysis of a subsequent recurrence confirmed the presence of the same ATG7-RAF1 fusion, consistent with Fig. 1 Novel RAF gene fusions identified in anaplastic PXA lacking BRAF p.V600E mutation. Sequencing reads across the fusion breakpoint in two BRAF p.V600 wild-type anaplastic PXA. a PXA#1 contained an in-frame NRF1-BRAF fusion between NRF1 (left) and BRAF (right). b PXA#2 contained an in-frame ATG7-RAF1 fusion. Grey bar denotes sequence aligned to the reference human genome, and multicolor bases denote mismatched base pairs that instead align with the fusion partner persistence of this activating genetic driver (C. Kline et al. submitted). Immunohistochemistry for p-ERK confirmed robust MAPK signaling pathway activation in tumors with RAF-fusions and was similar to that observed in anaplastic PXA with BRAF p.V600E mutation (Fig. 2) . Therefore, RAF kinase fusions represent an important alternative to BRAF p.V600E mutation to activate the MAP-kinase pathway in PXA.
Both tumors also had chromosomal deletion of the CDKN2A locus at 9p21. In addition, a hotspot mutation in TP53 (NM_000546: TP53 p.R273H) was identified in PXA#2 and two variants of unknown significance were identified, including a variant in KEAP1 (NM_012289, p.V79D) located in the BTB domain, in PXA #1 (Supplemental Table 2 ). Sanger sequencing for the KEAP1 variant confirmed its presence in the most recent tumor but was unable to detect the variant in tumor tissue from resections 2 and 4 years prior to the most recent resection (Supplemental Fig. 1d-f) . KEAP1 encodes the protein Kelch Like ECH Associated Protein 1 and regulates NRF2 (nuclear factor erythroid 2-related factor 2) via ubiquitination. While the KEAP1 (p.V79D) variant has not previously been associated with cancer, this amino acid is highly conserved and other alterations in the KEAP1 BTB domain have been associated with constitutive activation of NRF2 in cancer [2] . Characteristic gene alterations of pediatric and adult infiltrating astrocytoma were not identified, including alterations in ATRX, SETD2, H3F3A, HIST1H3B, PTEN, EGFR, PDGFRA, PIK3CA, IDH1, and IDH2.
The diagnosis of anaplastic PXA can be challenging particularly in the absence of BRAF p.V600E mutation. Molecular characterization of RAF kinase family members beyond BRAF p.V600 status may improve the recognition of anaplastic PXA and help to identify patients most likely to benefit from inhibitors of the RAF pathway. (NIH/NCI P50 CA097257), the Pediatric Brain Tumor Foundation (J. J. P and T. N.), and NIH/NINDS R01 (NS081117, J. J. P.). We thank and acknowledge the patients and families affected by PXA for their generous contributions to these studies.
